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Abstract—A dual-polarization balanced superconductor-
insulator-superconductor mixer operating at 2mm wavelength
is realized in form of a monolithic planar integrated circuit.
Planar orthomode transducers and LO couplers are enabled
by using silicon membranes that are locally formed on the
silicon-on-insulator substrate. The performance of the balanced
mixer is experimentally investigated. Over the entire RF band
(125 − 163GHz), the balanced mixer shows an LO noise
rejection ratio about 15 dB, an overall receiver noise about
40K, and a cross-polarization < −20 dB. The demonstrated
compactness and the performance of the integrated circuit
indicate that this approach is feasible in developing heterodyne
focal plane arrays.
Index Terms—Radio astronomy, Superconducting integrated
circuits, Sensor arrays, Polarimetry.
I. INTRODUCTION
C
OHERENT astronomical observations in millime-
ter (mm) and sub-millimeter (sub-mm) waves using
superconductor-insulator-superconductor (SIS) heterodyne re-
ceivers enable astronomers to get access to the fine structures
of electromagnetic spectra reaching a relative resolution as
high as 10−7 with the highest sensitivity. The spectra contain
precise kinematic and chemical information of the celestial
objects and the mediums in the transmission pathes. Coherent
receiving is also indispensable in interferometry technology to
achieve extremely high spatial resolution accompanied with
a large collecting area. For example, the event horizon tele-
scope, a very long baseline interferometer working at 1.3mm
wavelength, has reached unprecedented resolution of about
25µarcsec and led to the first image of the supermassive black
hole [1]. Despite these unique capabilities, the difficulty in
constructing focal plane arrays strongly limits the efficiency in
the observation of extended sources, particularly for wide field
surveys. For example, by using the Delingha 13.7m telescope,
which is equipped with a 9-beam superconducting heterodyne
array receiver, it will take about 10 years to finish the Milky
Way Imaging Scroll Painting project. This legacy project maps
the molecular clouds traced by CO J = 1 − 0 transition
lines at the Milky Way galactic plane (latitude < ±5o and
longitude ranging from −10o to 250o)[2],[3]. To enhance
the mapping capability, extensive efforts have been made in
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the development of heterodyne array receivers for single-dish
radio telescopes, about which a comprehensive review can be
found in [4]. Heterodyne array receivers are also considered
to be important in mm and sub-mm interferometers such as
ALMA [5].
It is a notorious engineering challenge in assembling a
compact SIS array receiver by incorporating multiple single-
pixel modules as basic building blocks. The difficulty origi-
nates from the discrete nature of the modular building blocks,
between which there are inevitable interfaces for electrical and
mechanical connections. This traditional assembling fashion
is not compatible with highly compact integration because
the minimum size is limited by the interconnection inter-
faces. Reliability is also weakened by the complexity in
the connections between modules. We have been exploring
an alternative approach to the layout for array SIS mixers
using monolithic planar integrated circuits, on which silicon
membrane-carried probes are locally formed on the chip to
couple the signal (in a polarization-sensitive manner) and the
local oscillator (LO) [6]. The LO coupling approach enables
a semi two dimensional metallic waveguide LO distribution
network, which can be embedded in the mixer housing struc-
ture. In order to demonstrate the feasibility of this method,
we have designed, fabricated and evaluated a dual-polarization
balanced prototype receiver operating at 2mm wavelength
[6],[7]. Although the present work involves a single pixel, the
design contains all the essential features of the new concept
and the expansion of this work to a multi-pixel array is quite
straight forward. In our previous work, we have provided
experimental evidences that indicate the proper operation of
the planar orthomode transducer (OMT) on the integrated
circuit. The balanced mixing performance, however, was not
measured due to unavailability of high quality devices.
In this work, we are able to complete the RF evaluation with
devices of improved quality and demonstrate that the planar
integrated circuit can provide comparable performance to a
traditionally modular type receiver at the measured RF band.
In this paper, we begin with a brief revisit of the circuit design.
It is followed by the description of the measurement methods.
Then the measurement results and related discussion will be
given in several aspects, including the receiver sensitivity, the
noise rejection ratio (NRR), the balance of the circuit, LO
noise measurement, and the crosstalk between polarizations.
II. MIXER CIRCUIT LAYOUT AND MEASUREMENT SETUP
The mixer circuit layout is conceivable from the image
of the mixer chip shown in Fig. 1, in which a diagram of
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Fig. 1. The image of the superconducting integrated circuit (chip size
13mm × 10mm) together with a diagram of the IF circuit. The inset
shows an SEM image of the 3-junction series array (junction size 1.4µm
in diameter). The mixer is designed to enable a direct connection to the LNA.
In multipixel applications the isolators can be dropped. See text for details.
intermediate frequency (IF) circuit is also shown to complete
the balanced mixing configuration. In the center of the chip
is the planar OMT, which is supported by a locally formed
6µm thick silicon membrane fabricated by removing the
handle layer of the silicon-on-insulator (SOI) substrate from
the backside. There are two balanced mixers deployed mirror-
symmetrically on the chip, each corresponding to one of
the two orthogonal linear polarizations. Each balanced mixer
comprises a 3 dB quadrature branch-line coupler and two
identical SIS junction arrays each having three junctions
connected in series. Inside the LO distribution layer, which
is above the chip layer inside the mixer holder, the incoming
LO is firstly equally divided for the two polarizations by a
waveguide divider, and then they are coupled to the SIS mixers
in parallel through the on-chip waveguide probes. Detailed
design parameters and theoretical simulation results of these
components can be found in [7]. The device fabrication is
detailed in [8],[9].
For each balanced mixer, there is a 180o IF hybrid coupler
immediately connected to the mixer mount. The IF hybrid
couplers used in this study have an amplitude imbalance of
±0.2 dB and a phase imbalanced of ±2o across 4 − 8GHz
IF band. Normally the two mixers are biased with the same
polarity, and consequently the output signals from the two SIS
mixers constructively build up at the ∆ port of the IF hybrid
coupler and cancel out at the Σ port. In contrast to the signal,
the LO noise appears mainly in the Σ port instead of the ∆
port. Each output port of the IF hybrid coupler is followed
by a cryogenic isolator-low noise amplifier (LNA) assembly
with a passband of 4− 8GHz. The LNA has a nominal noise
temperature of about 5K .
The mixer is measured in a 4K cryostat cooled by a
GM cryocooler. The standard Y-factor measurement, with
two blackbody calibrators at liquid nitrogen temperature and
room temperature respectively, is used to measure the receiver
noise. The NRR is measured with a CW source, which is
weakly coupled into the LO with a−20 dB waveguide coupler.
The cross-polarization of the OMT is measured with a XY θ
beam scanning measurement system outside the cryostat. The
measurement results and related discussions will be given in
the following sections.
III. MEASUREMENT RESULTS AND DISCUSSION
A. Receiver sensitivity
For a radio astronomical receiver, its sensitivity is of primary
importance. The measured receiver noise temperature as a
function of LO frequency is shown in Fig. 2, together with the
mixer conversion gain, which is closely related to the noise.
It is noted that the noise temperature presented in this paper
is the uncorrected one. The nominal optical loss due to the
vacuum window (25µm Kapton film) and a room-temperature
reflective focusing mirror is estimated to be less than 0.1 dB.
The noise temperature measured at IF = 4.5GHz is about
35K in the RF band (LO = 133 − 155GHz). The mixer
conversion gain is estimated from the ratio of the overall re-
ceiver gain to that of the IF chain, assuming a negligible small
input loss. The former is measured with a blackbody radiation
at room temperature, and the latter is measured by using the
tunneling current (It) as a shot noise calibrator, which has a
spectral power density of 2eIt when the SIS junction array
is biased at the linear part of the IV curve. The measured
receiver noise and mixer conversion gain are favorably flat in
the RF band. We attribute this to the relatively high current
density (Jc) of the tunneling junction (about 8kA/cm2; as a
reference, the Jc of ALMA Band 4 mixer is about 3kA/cm2
[10],) and the broadband performance of the OMT and the
RF coupler. The substantially high current density of the SIS
junctions leads to a low Q factor (Q ≈ 2) of the tuning
resonators. This Jc value is apparently more than necessary
for covering the RF frequency range in the present study.
It is chosen because we aim to show the evidence that the
planar circuit with high Jc junctions is potentially able to cover
much wider RF band although not measured in this study. In
fact it is less demanding to achieve broadband performance
in the mixer design by using planar type components than
metallic waveguide components. This is because, compared
with rectangular waveguide modes, quasi-TEMmode of planar
transmission lines have much weaker dispersion and also less
influenced by high order propagation modes. In addition, the
wide range of the characteristic impedance of the planar
transmission lines, ranging from several Ω of a microstrip
line to more than 100Ω of a coplanar waveguide, brings
considerable flexibility in designing broadband components.
The overall receiver noise of about 35K is reasonable for a
SIS mixer at this frequency range, but it is noticeably higher
than the cutting-edge of low noise advancement, such as about
20K (DSB) of the ALMA Band 4 receivers[10]. The higher
noise level is likely due to the relative low conversion gain of
the mixers. The embedding impedance of the mixers is inten-
tionally tuned away from the high-gain region in the design,
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Fig. 2. The noise temperature (at IF = 4.5GHz) and mixer gain as
a function of the LO frequency. The two polarizations show very similar
performance due to the symmetric structure. Data points are only densely
measured for polarization No. 1. The RMS error is smaller than the symbol
size of the data points.
the same method as which was detailed in [11]. Although
empirically a large conversion gain corresponds to low noise
temperature, it likely leads to problematic negative dynamic
resistance at the bias point, which may cause instability in
the operation of the receiver and prohibit the application in
astronomical observations, in which receiver stability, instead
of the noise, limits the ultimate sensitivity. Moreover, a large
gain also reduces the dynamic range and causes significant
mismatch between a mixer and a LNA, which gives rise to
undesired ripples in IF spectra. To ensure a good IF matching,
an isolator is commonly inserted between an SIS mixer and
a LNA. However, due to their bulky size, the ferrite isolators
cannot be utilized in a very compact array. To allow a direct
connection between an SIS mixer and a LNA, an output
impedance of SIS mixer about 50Ω is desirable. This leads
to the compromise in the reduction of the mixer gain. Since
mixer gain is reversibly correlated to mixer noise, there will be
a penalty in the sensitivity if the gain drops. We have measured
ALMA Band 4 mixers and verified that the mixer conversion
gain is about 3 dB higher than that of the mixer used in this
study.
In addition to the direct noise generated in the SIS junctions,
the finite transmission loss of the superconducting transmis-
sion line between the OMT and the SIS mixer reduces the
sensitivity. The loss originates from the thermally activated
quasiparticles at a physical temperature of about 4K . The
estimated loss is about 0.2 dB for a total electrical length
of about 5.5 wavelengths at 145GHz, which is calculated
with SISMA[12], a software for SIS mixer simulation with a
implementation of Mattis-Bardeen theory for superconducting
transmission line simulation. This loss induces insignificantly
5% increase in the receiver noise. Fortunately, in the potential
application of the planar circuit at a higher frequency, this
loss will not increase if the frequency remains below the
gap frequency of the superconducting material according to
theoretical calculation based on Mattis-Bardeen theory. This
Fig. 3. The noise temperature, the hot-load and cold-load responses, and the
pumped and unpumped IV curves at the ∆ port and the Σ port measured at
LO = 145GHz. The strong suppression of the signal in the Σ port clearly
indicates the proper functioning of the balanced mixing.
is because the loss per wavelength and the overall electric
length of the transmission line do not change significantly
with frequency. The sub-mm potential is also based on an
assumption of low dielectric loss, which strongly depends on
material and fabrication process. At sub-mm regime a dual-
polarization planar integrated SIS mixer may even offer better
sensitivity than a conventional type, because the adoption of
the planar OMT avoids a considerable loss in the waveguide
OMT, with a typical value of 0.06dB/mm in the frequency
range of 500− 700GHz [13] at cryogenic temperature.
The noise temperature and the hot/cold-load responses are
recorded at both outputs of the IF hybrid coupler as a function
of bias voltage as shown in Fig. 3. The curves are recorded
by sweeping the bias of one SIS mixer in the balanced
configuration while fixing the other at the normal bias voltage
(≈ 7.2mV ). The cancellation of the signal at the Σ port is
a clear evidence of proper functioning of the balanced mixer.
Fixed magnets are used for suppression of Josephson noise.
Although a residual DC Josephson current in the umpumped
IV curves is observed, it does not affect the noise performance
at the normal bias position of the SIS mixer.
The receiver noise is also measured as a function of IF as
shown in Fig. 4. The left panel shows the result with both
mixers being biased positively (referred to as co-polar bias),
while the right panel shows the result with one mixer being
biased positively and the other negatively (anti-polar bias).
The difference between the two results will be addressed later
in this paper. It should be noted that in the anti-polar bias
case the signal turns to appear at the Σ port of the IF coupler.
Under the normal bias (co-polar), the noise temperature shows
a slow increase with IF. This phenomenon is attributed to the
capacitance of the DC-blocking capacitor. One terminal of the
capacitor connects to the SIS junction lead, and the other
terminal connects to the upstream CPW center conductor,
which is DC-grounded in the power combiner (T-junction),
with detailed layout in [7]. As a consequence, the capacitor
turns out to shunt the SIS junction array. The undesired narrow
IF bandwidth can be corrected by reducing the capacitance
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Fig. 4. The noise temperature measured at LO = 145GHz as a function of
IF. Left panel shows the result measured with co-polar bias of the balanced
mixer and the right panel shows the result with anti-polar bias.
without significantly affecting the RF performance.
B. Balance of the circuit, noise rejection ratio and LO noise
measurement
As a major objective of this experimental study, we aim
to demonstrate the feasibility of realizing sophisticated SIS
mixer circuitry on a single chip, which contains membrane-
based probes for LO and signal coupling. The balanced mixing
configuration was chosen because of its favorable feature of
saving LO power, which allows pumping a large number of
pixels in an array with a single LO source. Another technical
reason is that a balance mixer does not require on-chip thin-
film resistors, the fabrication process of which has not yet been
established in our lab. By contract, for a integrated circuit with
practically interesting sideband separation configuration, on-
chip loads are necessary to absorb the unused potion of LO
power, normally about 90% of the total input.
Noise rejection ratio is the principal figure of merit of
a balanced mixer. It is conventionally measured with two
individual hot/cold-load measurement procedures, in which
the two mixers are applied with co-polar bias and anti-polar
bias respectively[14],[15]. Different bias polarities correspond
to constructive or destructive interference of the signals at
the output port. This method is based on the underlying
assumption that the bias polarity only affects the relative
phase of the two down-converted signals, while keeping the
noise and gain of the balanced mixer unaffected. However,
in practice, the balanced mixer with anti-polar bias shows
noticeably larger ripples in the IF spectrum, as can be seen in
the right panel of Fig.4. This is considered to be due to the
undesirable IF impedance levels to the in-phase and out-of-
phase IF components from the individual mixers [16]. Since
the assumption is not fully valid, the accuracy of this method
is questionable.
The use of a 180o IF coupler rather than an in-phase power
combiner allows us to measure the NRR with the two mixers
biased with the same polarity. A weak CW signal is injected
Fig. 5. The NRR measured with frequency-sweeping of the CW test signal.
The results measured with the conventional method are also plotted for
comparison.
into the LO port as an artificial LO noise and down-converted
to IF. The mixing outputs are measured at both the ∆ port and
the Σ port of the IF coupler. The ratio of them is the noise
rejection ratio after being corrected for the gain difference of
the two IF chains. The gain difference can be measured using
the same CW source but with one of the mixer biased above
the gap voltage, where the conversion efficiency of that mixer
is negligibly small. Under this condition, only one single-
ended mixer generates the down-converted CW signal, which
is then equally divided by the IF coupler and amplified in the
two IF chains. The ratio of the amplitudes of the resulting CW
signals, which appear at the output ports of the two IF chains,
is the gain ratio to be corrected for. It deserves a mention that
the amplitude of the CW signal is adjusted to be sufficiently
weak to avoid saturation of the mixer, but to be relatively
strong (> 20 dB) with respect to the thermal noise floor, so
that the influence of the thermal noise on the measurement is
negligibly small.
The NRR measured with frequency-sweeping of the CW
source is plotted in Fig. 5. Unlike the conventional method,
where the NRR is an average of both sidebands, the method
using CW signal can eliminate the sideband ambiguity. For
comparison, the results measured at some discrete frequencies
with the conventional method are also shown. The NRR better
than 15 dB can be obtained over the RF band with a few
exceptions being less than 15 dB but better than 10 dB.
Although the breakdown of the imbalance to each compo-
nent is difficult due to the tight integration, partial separation is
possible. We use the SIS junction arrays as direct detectors to
measure the delivered power to each array when a CW source
is injected from the signal port or the LO port. The ratio of
the responses (photon-assisted tunnelling current) provides the
estimation of the imbalance of the RF coupler, supposing the
two SIS junction arrays are identical, which is well guaranteed
by the high-precision photolithography techniques and verified
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Fig. 6. The transmission imbalance of the RF coupler measured by direct de-
tection using SIS junction arrays as detectors. A diagram of this measurement
configuration is shown in the inset.
by comparing their IV curves. Since the ratio, instead of the
absolute value, is measured, the CW source does not need
to be calibrated for the frequency-dependence of the output
power.
The measured response ratios (Ch2/Ch1) with the CW
signal injected respectively from the signal port and the LO
port are plotted in Fig. 6 as a function of the signal frequency.
The mean value is about ±1 dB with 1 dB fluctuation over
the RF bandwidth. The mean imbalance is probably caused by
inaccuracy in the design or fabrication errors. This deviation
can be compensated for by tuning the insulator thickness of
the microstrip lines that compose the RF coupler. According
to the theoretical calculation [17],[18] an imbalance of 1 dB
resides in the safe range to achieve a NRR > 10 dB. Although
this method can not provide the phase imbalance, since the
phase and the amplitude are not independent, it is justified to
believe that the phase imbalance is not significant. The ripples
arise due to the mismatching at the input and output ports of
the RF hybrid. Because the SIS junction arrays, being weakly
pumped and biased below the gap voltage, must be poorly
matched due to their high impedance, the amplitude of the
ripples of less than 1 dB indicates reasonably good matching
in the input ports.
The balanced mixer can be used to measure the noise from
LO and thus is a useful tool in receiver noise diagnosis. For
example, we used this tool to investigate how much thermal
noise and non-thermal noise is presented in the LO source
used in this study. The LO source is an engineering model
of ALMA Band 4 WCA (warm cartridge assembly), with
the final-stage frequency doubler placed at room temperature,
rather than placed at 110K stage in an ALMA cartridge
receiver. The thermal contribution, an additive noise, can be
reduced by a cold attenuator, while the non-thermal noise,
which is inherent and proportional to the LO power, cannot.
The measurement was done in a procedure similar to the NRR
measurement[14],[15]. In order to separate the contributions of
Fig. 7. The LO noise temperature measured with and without a cold (4K)
10 dB attenuator. The random measurement error is less than the size of the
symbols. The inset shows the diagram of the measurement configuration with
small arrows indicating phase relationship.
the thermal noise and the non-thermal noise, the measurement
is done with and without an additional 10 dB attenuator placed
on the 4K stage immediately before the mixer mount. The
measured results are plotted in Fig. 7. It is found that in
this specific case almost all of the LO noise is thermal, and
the non-thermal portion is zero within the uncertainty of the
measurement. The majority of the thermal noise is proved
to be dominated by the thermal insulating waveguide, which
connects 300K chamber and the mixer mount at 4K stage.
In the center of of the waveguide is a thermal anchor, which
is cooled to a temperature of about 40K . The loss of the
waveguide is measured to be about 3.4 dB. Supposing the
temperature distribution on the waveguide is linear in both
halves of the waveguide, we can calculate the input thermal
noise with the method explained in the appendix. The result
turns out to be that less than 20K of thermal noise is injected
from the LO source outside the cryostat. This reveals that the
thermal noise of the LO source is very little.
C. Crosstalk between the two polarizations
Stand-alone evaluation of the planar OMT by using a
network analyzer is possible at microwave frequencies [19],
but practically difficult at mm and sub-mm wavelengthes
and at cryogenic temperature. Alternatively we measured the
overall cross polarization of the combination of the OMT and
a corrugated horn attached to it by using a XY θ beam scanner.
In our previous work, we have demonstrated that a cross polar-
ization at a level −20 dB is achievable[6],[7]. However, cross
polarization> −20 dB was observed at some frequencies. The
crosstalk of this level is not likely to arise at the CPW cross-
over on the chip (see Fig. 1), because the simulated coupling
< −30 dB is almost frequency-independent [7]. The crosstalk
is finally identified to arise through the LO waveguides, as
illustrated in Fig. 8. The input signal from one polarization is
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Fig. 8. The crosstalk between the two polarization channels through the Y-
junction waveguide power divider. The replacement of the Y-junction power
divider (the left side of the inserted photo) with a branch-line coupler (the
right side of the photo) can effectively suppress this crosstalk.
partly reflected because of the mismatching from the RF port
of the SIS mixer. About half of the reflected signal enters the
LO route through the on-chip RF coupler and goes backstream
into the LO metallic waveguide through the membrane-based
waveguide probe. Because of the insufficient isolation (−6 dB
transmission) between the two output arms of the Y-junction,
which divides the LO for the two polarizations, the signal
leaks partly from one polarization to the other with a level
depending on the input matching condition of the single-ended
SIS mixers. To verify this scenario, we replaced the Y-junction
power divider with a 3 dB branch-line coupler, which provides
> 20 dB isolation. Thanks to this upgrade, the crosstalk is
effectively suppressed and the crosstalk level < −20 dB can
be achieved in the entire RF band.
IV. CONCLUSION
With an aim to enhance the capability in forming focal
plane arrays with SIS mixers, we have been constructing a
frame work of technical solutions to enable planar integration
of the SIS receiver frontends. The planar integration concept is
implemented in developing a single chip SIS mixer configured
in balanced mixing and dual polarization receiving operating
at 2mm wavelength. The measured receiver sensitivity, the
RF bandwidth, and the IF bandwidth are comparable to that
of a typical conventional SIS mixer. The LO noise rejection
ratio of about 15 dB over the RF band is achievable. The good
balance is a favorable consequence of using photolithographic
fabrication. The low cross polarization < −20 dB in the entire
RF band suggests that the application of planar OMT in mm
and sub-mm heterodyne receiver is practical. These results
provide clear evidences that the planar integration of SIS
mixer focal plane arrays is readily achievable with acceptable
compromise between performance and compactness.
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V. APPENDIX: THERMAL NOISE FROM A THERMAL
INSULATING WAVEGUIDE
Thermal insulating metallic waveguides made from cupper
nickel or stainless steel are often used in cryogenic receiver
system for LO injection. The materials with relatively large
electric resistance result in substantial loss. In this work, the
thermal radiation from the lossy waveguide itself is evaluated
using a model shown in Fig. 9. For a fractional waveguide
section with length of dx , the transmission is e−αdx ≈ 1 −
αdx , and the attenuation is αdx , where α is the attenuation
constant of the waveguide. According to the radiative transfer
equation the differential equation for the radiation is
T (1− αdx) + Tgαdx = T + dT , (1)
where T and T+dT are the input and output radiation equiva-
lent temperature respectively, Tg is the physical temperature of
the waveguide section. The waveguide is supposed to connect
two stages with temperatures of Ta and Tb respectively, and
it is also assumed that the physical temperature is linearly
distributed along the waveguide as Tg = (Tb − Ta)x/L+ Ta,
where L is the waveguide length. After normalizing T and x
with Tb − Ta and L respectively, the equation becomes,
dT¯
dx¯
= αL(x¯+ T¯a − T¯ ) . (2)
After introducing a new variable y and defining it as y ≡
x¯+ T¯a − T¯ , the differential of (2) becomes
dy
dx¯
= 1− αLy . (3)
The integral of (3) with respect to x¯ gives
y =
1
αL
(1− Ce−αLx¯) , (4)
with C being a constant to be determined by the boundary
conditions. Combining (4) with the definition of y, we finally
get
T¯ = T¯a + x¯−
1
αL
(1 − Ce−αLx¯) . (5)
Supposing that the radiation is Tout at the end point of the
waveguide (x¯ = 1 ), the constant C can be determined with
this condition as
C = eαL[1− αL(1 + T¯a − T¯out)] . (6)
At the input point (x¯ = 0 ), the radiation turns out to be
T¯in = T¯a −
1
αL
(1− C) . (7)
The waveguide noise referred to the input port can be calcu-
lated as
T¯wg =
T¯out
G
− T¯in =
1
G
[T¯a(1 −G) + 1 +
1−G
lnG
] , (8)
where, G = e−αL is the gain of the waveguide.
After this calculation has been done, it is pointed out that
the same problem has been studied in [20]. In that paper, a
different method, summation of power series, is used to give
the same results. Equation (8) in this work is exactly (7) in
[20].
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Fig. 9. calculation model of a lossy waveguide with a linear temperature
profile.
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